It is noted that the NS-equations are very similar to the Burgers equation which is the governing equation for dissipative nonlinear waves, such as shock waves in supersonic flow. Shock waves are, in general, . formed as a balance of the convective terms of the equations and the wave-form easing tendency of diffusive terms.
The nonlinear convective terms in NS-equations may steepen the wave slope and this steepening may be eased by the diffusive terms. Therefore, the governing equation for dissipative nonlinear water waves should be NS-equations. Although the above analogical argument is not yet physically verified, the direct numerical analysis of the NS-equations is supposed to provide theoretical explanation of FSSWs, with the viscous terms playing a favorable role.
3.2 Finite-difference representation The NS-equations are transformed into the finite-difference representations in the same manner with the SUMMAC-scheme7) but in three space dimensions. Terms that involve only space derivatives are approximated by central differences.
The x-directional finite-difference representation is for example, as follows. ( 1 ) where, for example ( 2 ) In the above equations, variables with superscript n+ 1 are related to the (n+ l)-th time step. Variables lacking a superscript are evaluated at the n-th step. From Eq. (1) 
The D terms do not vanish in general, because of the errors in the numerical procedure whereas D=0 is required to rigorously conserve mass. Thus, D=0 is aimed at at the (n+ 1)-th step and Dn+1ijk in Eq. (3) is set zero. The equation for the pressure is derived as, 
Eq. (8) is iteratively solved and the obtained, pressure is substituted in Eq. (1) so that the velocity components at the (n+ 1)-th step are obtained. For 2-D cases the terms including v or y are dropped in the above equations.
Boundary conditions
The kinematic free surface condition is satisfied by the movement of marker particles.
In the 2-D case the particle velocities are obtained from the u and w fields. The wave profile is defined by the new positions of the markers in the same manner with the original MAC-method as shown in Fig. 1 (a) . When this method is applied to the 3-D case, the new wave height is The velocity of marker movement is the fluid velocity on the free surface which is derived by interpolation or extrapolation.
For example, in 3-D cases the velocity ux in Fig. 1 (b) is obtained by the following interpolation formula. ( 9 ) where The dynamic free surface condition is satisfied by letting P=P0 at the exact location of the free surface.
"Irregular stars" of the SUMMACmethod is made use of and Pik in Fig. 1 (c) 
The unknown v on the body surface and of inner cell s is determined in the same way.
It is well known that the outer boundary con- Fig. 9 show sudden change in flow direction near the free surface, which is one of the typical characteristics of FSSW. The sudden change of flow direction in the thin layer near the free surface is naturally caused by the sudden decrease of flow velocity due to the discontinuity at the wave front.
Computational results
The time sequence of the computation is illustrated in Fig.  10 . Because of the impulsive start of the body the final state is attained after 
FSSWs around wedge models
The typical characteristics of FSSWs which are briefly summarized in Chapter 1 have been clarified by the vast amount of experiments')-6). The formation of FSSWs around a bow is most systematically grasped by the simplest models, i.e., the wedge models4)6).
The change of the shock angle is ruled by entrance angle and Froude number based on draft.
In this chapter the computations are carried out with a wedge model whose a is 20° except for Fig. 20 and the results are compared with measured wave profile and velocity components.
Wave formation
The computed time sequence of wave formation is shown in Fig. 13 , in which the steady state is reached at T-U/d is 20, i.e., the computation is repeated 400 times in case DT-U/d is 0.05. The wave elevation is multiplied by 2 in Fig. 13 . in Fig. 17 also shows the agreement, though the measurement by a five-hole pitot tube was impossible near the wave crest because of the violent upward and outward disturbance velocities.
Nonlinearity of bow waves
The computations by the TUMMAC-method have displayed the typical characteristics of FSSWs, i.e., 1) the systematical change of wave front line (Figs 14 and 15) , 2) the steep change of wave height and velocities across wave front (Figs 13 to 17), and 3) that fluid motion only in the vicinity of the free surface contributes to the formation of FSSWs (Fig. 16) . The other is the satisfaction of shock condition which is shown in Fig. 18 . Velocity vectors including U calculated and measured before and behind wave front along longitudinal lines are drawn in Fig. 18 with their origins concentrated.
Only the velocity component normal to wave front receives abrupt decrease, while the tangential component is conserved.
The numbers in parentheses are x-coordinates in cm.
The artificial viscosity is introduced and consequently the steady moderate wave pattern is obtained.
Otherwise, the bOw waves become extremely steep and the computation is invalidate'd. The effect of the artificial viscosity is limited within the region where waves are very steep. These imply that the nonlinear convection makes the wave steep and the viscous diffusion attenuates it, although the errors accumulated during the discrete numerical procedure make the balance of the two effects obscure.
5.3 Normal FSSW and oblique FSSW It has been experimentally verified1)8)5) that two kinds of FSSWs, normal and oblique, occur depending on Froude number and entrance angle. (FSSWs whose angle of wave front on the centerline is 17/2 are called normal FSSW.) The normal FSSW is transformed into oblique one with the increase of Froude number when the entrance angle is not very large3), as seen in Fig. 19 . The bows of large tankers and bulk carriers are so blunt that the normal FSSWs which are circular and detached from the bow cannot be transformed into oblique ones. It is also recognized that a bulbous bow properly 
